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Nephron endowment in glial cell line-derived neurotrophic mesenchyme. The mesenchymal cells induce growth and
factor (GDNF) heterozygous mice. branching of the ureteric bud, giving rise to the collecting
Background. The exact molecular mechanisms that regulate duct system. Simultaneously, the tips of the branchingureteric branching morphogenesis in the developing metaneph-
duct induce the surrounding mesenchyme to condense,ros have not been fully elucidated. However, in vivo and in
epithelialize, and differentiate into nephrons.vitro evidence indicates that glial cell line-derived neurotrophic
factor (GDNF) is a key regulator of the initiation of ureteric Until 1996, very little was known about the molecular
branching. GDNF knockout mice show renal agenesis or severe regulation of ureteric branching morphogenesis. Glial
dysgenesis and die 24 hours after birth from renal failure. cell line-derived neurotrophic factor (GDNF), a distantInhibition of GDNF activity in metanephric organ culture in-
member of the transforming growth factor- superfam-hibits ureteric branching. Since nephron initiation only occurs
ily, mediates its signal via the receptor tyrosine kinase,at the tips of ureteric branches, the aim of the present study was
to determine whether nephron number in GDNF heterozygous rearranged during transfection (RET), and the coreceptor,
mice is reduced. GDNF family receptor 1 (GFR1). A role for GDNF
Methods. Male GDNF heterozygous mice of hybrid 129/Sv in ureteric branching morphogenesis was suggested byand C57/BL genetic background were mated with C57BL/6
its restricted expression pattern and by the expressionfemales. Offspring were genotyped at postnatal day 30 (PN30)
patterns of RET and GFR1. GDNF mRNA is observedby polymerase chain reaction. Left kidneys were used for esti-
mating kidney volume and total nephron number. We also esti- in uninduced mesenchyme, is strongly up-regulated in pre-
mated absolute and relative volumes of ureteric duct epithelium. tubular condensates, and is rapidly down-regulated with
Unbiased stereological methods were used throughout (Cava- the transition to epithelium [1, 2]. In contrast, RETlieri method, physical disector/fractionator combination).
mRNA is initially expressed in the body of the uretericResults. GDNF wild-type and heterozygous mice had similar
epithelium but is later restricted to the tips of the branch-body weights at PN30. However, heterozygous kidneys were
25% smaller than wild-type kidneys (wild-type, 114.75  16.46 ing ureteric buds [3]. GFR1 mRNA is found at high levels
mm3; heterozygous, 87.11  21.84 mm3, P  0.001) and con- in the ureteric buds and in adjacent mesenchyme [4].
tained approximately 30% fewer nephrons (wild-type, 11886 Mice lacking RET [5, 6], GDNF [7–10], or GFR11277; heterozygous, 8573  2240, P  0.01). In addition, the
[11, 12] all die within 24 hours of birth from renal failure.absolute ureteric duct volume was significantly reduced in het-
Each homozygous mutant shares similar phenotypes oferozygous mice (P  0.001).
Conclusions. These results indicate that the loss of one kidney agenesis or severe dysgenesis. Each of the hetero-
GDNF allele results in reduced nephron endowment in the zygous mutants are viable and fertile. However, macro-
adult kidney, presumably as the result of reduced branching scopic examination of adult GDNF heterozygous mu-morphogenesis of the ureteric bud.
tants reveals a wide range of renal abnormalities, including
small kidneys, abnormal shape, cortical cysts, unilateral
agenesis, or severe dysgenesis [8, 9]. The kidneys of RETThe development of the permanent kidney (metaneph-
and GFR1 heterozygous mutant mice, however, appearros) is characterized by a series of inductive interactions
normal [5, 11, 12].between the epithelial ureteric bud and the metanephric
Histologic analysis of GDNF mutant mice revealed
that frequently the ureter fails to bud from the Wolffian
duct even though morphologically distinct metanephricKey words: kidney development, nephron endowment, metanephros,
stereology, ureteric branching morphogenesis. mesenchyme is present. In animals in which the ureter
did bud and penetrate the mesenchyme, the number ofReceived for publication November 6, 2000
collecting ducts, condensates, and nephrons was severelyand in revised form January 18, 2001
Accepted for publication January 23, 2001 reduced. These defects were also observed in some het-
erozygous embryos [8, 9]. The observed phenotypes cor- 2001 by the International Society of Nephrology
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responded with alterations to branching of the ureteric AAGAACTCGT), and p4 (5-CTGTGCTCGACGTTG
duct epithelium. Several in vitro studies have since pro- TCACTG-3). PCR amplification conditions were as fol-
vided a link between GDNF and ureteric branching mor- lows: Samples were heated to 94C for 5 minutes and
phogenesis [4, 13–15]. then cycled at 94C for 30 seconds, 55C for 55 seconds,
It is now generally accepted that GDNF is the first and 72C for 60 seconds for 33 cycles and a final polymer-
factor identified to regulate in a dose-dependent manner ase extension for 10 minutes at 72C. The wild-type
the growth and arborization of the ureteric bud during GDNF allele was detected using the p1 upstream oligo-
early stages of kidney morphogenesis. The results of nucleotide and the p2 downstream oligonucleotide, gen-
the knockout studies indicate that GDNF gene dosage erating a 338 bp fragment. PCR amplification using the
influences kidney development, with the loss of one allele p3 and the p4 primer pairs resulted in a 567 bp amplicon
being sufficient to cause a significant renal phenotype. detecting the mutant GDNF allele. For Southern blot
The aim of the present project was to determine whether analysis, the targeted allele was detected by probing a
the loss of one GDNF allele results in the development HindIII digest of tail derived DNA with a random prime-
of kidneys with reduced numbers of nephrons. We esti- labeled neomycin phosphotransferase-specific probe (0.6
mated the total nephron number in kidneys of postnatal kb Pst 1 fragment of pMC1NEO; Stratagene, La Jolla,
30 days (PN30), GDNF heterozygous null-mutant mice CA, USA).
and wild-type mice. We also estimated the absolute and
relative volumes of the ureteric duct epithelium in het- Estimating kidney volume
erozygous and wild-type mice. Kidney volume was estimated using the Cavalieri Prin-
ciple [16]. Briefly, whole kidneys embedded in glycol-
methacrylate were exhaustively sectioned at 20 m. Be-METHODS
ginning with a random start (between 1 and 10), everyAnimals
10th and 11th sections were collected and stained with
Four fertile male mice heterozygous for the mutant hematoxylin and eosin. The “10th” section of each pair
GDNF gene (having a hybrid 129Sv and C57BL/6 genetic was then placed on a microfiche reader and viewed at a
background) were received from Dr. Heiner Westphal final magnification of 24.25. A stereological test grid
(Laboratory of Mammalian Genes and Development, (2  2 cm) was placed on the microfiche screen. Kidney
National Institutes of Health, Bethesda, MD, USA) volume was estimated using this formula:
[8, 9]. A colony of mice was established at Monash Uni-
versity through matings with C57BL/6 females. All ex- Vkid 	 
P  a(p)  T  1/f (Eq. 1)
periments were approved in advance by a Monash Uni-
where Vkid is kidney volume, 
P is the total number ofversity animal ethics committee and were conducted in
points counted, a(p) is the area associated with each gridaccordance with the “Australian Code of Practice for
point, T is section thickness, and 1/f is the inverse of thethe Care and Use of Animals for Scientific Purposes.”
section sampling fraction.At PN30, mice were sexed, and body weights were
recorded prior to sacrifice by cervical dislocation. Tail Estimating nephron number
tissue was cut for genotyping. Kidneys were then re-
The previously mentioned section pairs were used tomoved and decapsulated, and all visible fat and external
estimate nephron number using the physical disector/renal vessels were removed prior to recording kidney
fractionator combination [17–19]. Briefly, the sectionweights. Kidneys were immersion fixed in 10% formalin
pairs were projected side by side using two microscopesfor 48 hours. Kidneys used for nephron number estima-
modified for projection. One microscope was fitted withtion were then processed for embedding in glycolmethac-
a motorized stage, while the other was fitted with a rotat-rylate. For ureteric duct, kidneys were processed and
able stage to enable section alignment. A 2  2 cm gridembedded in paraffin.
was placed over each field of view.
Genotyping Grid points falling on kidney tissue (Pkid), glomeruli
(Pglom), and renal corpuscle (Pcorp) were counted. Glomer-All animals were routinely genotyped using the poly-
uli sampled by an unbiased counting frame in the fieldmerase chain reaction (PCR) and the genotype subse-
of view of the 10th section that were not present in thequently confirmed by Southern blot analysis. Oligo-
11th section were counted. Those sampled in the 11thnucleotide primers (GIBCO BRL Life Technologies,
section that were not present in the 10th section wereGaithersburg, MD, USA) used in the PCR assay were
counted to double the efficiency of the technique. Thisas published by Pichel et al [8, 9]. The specific primer
process was repeated for each complete pair of sections.sequences were as follows: p1 (5-CCAGAGAATTCC
Total nephron number (Nglom,kid) was then estimated usingAGAGGGAAAGGTC-3), p2 (5-CAGATACATCC
ACACCGTTTAGCGG-3), p3 (5-GATCCCCTCAG the following equation:
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Nglom,kid 	 10  Ps/Pf  1/2fa  Q (Eq. 2) PBS before developing the stain with 5 mg/mL diamino-
benzidine activated with 0.01% H2O2/PBS. Sections werewhere 10 was the reciprocal of the section sampling frac- counterstained with hematoxylin.
tion, Ps was the number of points overlying all kidney
sections (complete and incomplete), Pf was the number Estimation of ureteric duct volume
of points overlying complete kidney sections, 1/2fa was Dolichos biflorus agglutinin-stained sections were ste-
the fraction of the total section area used to count glo- reologically analyzed to estimate absolute and relative
meruli, and Q was the actual number of glomeruli (percentage) ureteric duct volume. Absolute ureteric
counted. Q ranged from 72 to 314 and averaged 183 duct volume was estimated with the Cavalieri principle.
per kidney. First, sections were viewed on a microfiche reader at
24.25, and grid points (2 2 cm grid) overlying kidneyGlomerular volume
tissue were counted. Then every 80th section was viewed
Glomerular volume (Vglom) was estimated using the at a final magnification of298 using a microscope modi-
following: fied for projection, and points overlying ureteric duct
epithelium were counted. Volumes were determined byVglom 	 [Vglom/Vkid]/[Nglom/Vkid] (Eq. 3)
point counting of kidney tissue and of ureteric duct with
where Vglom/Vkid is equivalent to Pglom/Pkid. an orthogonal 2 cm grid.
The combined volume of all glomeruli [Vglom (total)] in
the kidney was estimated using: Statistics
Differences between estimates for heterozygous andVglom(total) 	 Vglom  Nglom,kid (Eq. 4)
wild-type mice were tested using an unpaired Student t
Renal corpuscle volume test. Where male and female data were obtained, a two-
way analysis of variance was used to detect differencesMean renal corpuscle volume (Vcorp) was estimated
between sexes and genotypes. A probability level of 0.05using the following formula:
or less was accepted as statistically significant. Values
Vcorp 	 [Vcorp/Vkid]/[Nglom/Vkid] (Eq. 5) are mean  SD.
where Vcorp/Vkid is equivalent to Pcorp/Pkid.
The combined volume of all renal corpuscles [Vcorp(total)] RESULTS
in the kidney was estimated using:
In all cases, genotyping by PCR was confirmed by
Vcorp(total) 	 Vcorp  Nglom,kid (Eq. 6) results obtained by Southern blot analysis.
As previously described, mice were born in the normal
Dolichos biflorus agglutinin histochemistry Mendelian ratio [8, 9]. Seven of 48 (14.6%) heterozygous
mice were born with unilateral agenesis. At PN30, maleKidneys embedded in paraffin were exhaustively sec-
tioned at 5 m, and every 40th section was collected. mice were significantly larger than female littermates
(P  0.001). However, no difference was observed be-Sections were deparaffinized and rehydrated through xy-
lene and a series of graded ethanols immediately before tween body weights of wild-type and heterozygous mice.
The larger body weights in males reflected larger kid-use. Sections were washed in phosphate-buffered saline
(PBS) and incubated at room temperature with 2% bo- ney weights in comparison to females (P 0.001; Table 1).
Kidneys from GDNF heterozygous mice showed a widevine serum albumin (BSA) in 0.3% triton in PBS for
30 minutes to block nonspecific binding. This and all range of kidney weight and volume. Mean kidney weight
and volume in heterozygous mice were approximatelysubsequent incubations were conducted with 50L solu-
tions under a glass coverslip. Slides were kept in a hu- 25% less than in sex-matched wild-type mice (P 0.001).
In those heterozygous mice with a single kidney, kidneymidibox on a wet sponge to prevent drying. Sections
were incubated for three hours at room temperature weight was greater than in the kidneys of sex-matched
wild-type littermates (P  0.001). Values are presentedwith 20 g/mL biotinylated Dolichos biflorus agglutinin
(DBA; Sigma-Aldrich Pty. Ltd., Castle Hill, Australia) in Table 1.
Glomerular and thereby nephron number was approx-diluted in 0.3% triton in PBS, with 1 mmol/L CaCl2/
MnCl2/MgCl2 at a 1 in 100 dilution. Following incubation, imately 30% less (P  0.01) in heterozygous mice than
in wild-type littermates (Table 2). Interestingly, nephronsections were rinsed twice with PBS for five minutes
each to remove excess lectin. The biotinylated DBA was number in the female with a unilateral kidney was similar
to values obtained for each kidney of wild-type mice.visualized using the Elite streptavidin/biotin amplifica-
tion ABC kit (Vector Laboratories Inc., Burlingame, Mean glomerular and corpuscle volumes were similar in
wild-type and heterozygous mice. However, the totalCA, USA). The ABC solution was applied for one hour
at room temperature. Slides were then washed twice in (combined) volume of glomeruli and renal corpuscles in
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Table 1. Body weights, kidney weights, and kidney volumes for male and female wild-type and heterozygous mice at postnatal day 30
Wild-type Heterozygous
Male (10) Female (10) Male (10) Female (10)
Body weight g 22.652.04 18.770.73 23.141.80 18.581.62
Kidney weight g 0.1580.021 0.1250.010 0.1230.023a 0.0930.022a
0.2000.018a,b (4) 0.1670.009a,b (3)
Kidney volume mm3 163.1521.13 114.7516.46 119.3419.01a 87.1121.84a
137.13 (1)b
The number of mice in each group is given in parentheses. All values for male mice were significantly greater than female values.
a Significant differences (P  0.001) between wild-type and heterozygous mice.
b Kidney weights and volumes for mice with a single kidney; these mice are not included in the total group values
Table 2. Glomerular number and volume estimates for wild-type and heterozygous female postnatal day 30 mice
Heterozygous unilateral
Wild-type (10) Heterozygous (10) agenesis (1)
Glomerular number 118861277 85732240a 11163
Glomerular volume 104/mm3 2.1740.314 2.1240.249 2.144
Total glomerular volume mm3 2.5870.487 1.7840.392a 2.393
Corpuscle volume 104/mm3 2.3000.312 2.2800.252 2.297
Total corpuscle volume mm3 2.7380.503 1.9200.436a 2.564
The number of mice in each group is shown in parentheses.
Additional data (N 	 1) are for a kidney of a mouse with unilateral agenesis.
a Significant difference when compared with wild-type mice (P  0.01)
Table 3. Estimates of absolute and relative ureteric duct volumes in female wild-type and heterozygous mice
Heterozygous unilateral
Wild-type (10) Heterozygous (10) agenesis (1)
Absolute ureteric duct volume mm3 2.6960.392 2.0580.284a 4.345
Relative ureteric duct volume % 4.0400.457 3.7000.234 4.928
Numbers in each group are shown in parentheses.
Additional data are for one heterozygous mouse with unilateral renal agenesis at PN30.
a P  0.001
the kidney was significantly reduced in heterozygous mice sis in the kidney is a major determinant of nephron
(P  0.01). The female mouse with a single kidney endowment. After successive generations of branching,
showed no obvious differences in glomerular or corpus- the normal human kidney can contain between 300,000
cle volume from the wild-type mice. and over 1 million nephrons [17]. Reduced nephron en-
dowment has been associated with the development of
Ureteric duct volume essential hypertension, chronic renal failure, and the
Ureteric duct volume in heterozygous mice was 24% long-term success of renal allografts [20–22]. Ureteric
less than in wild-type mice (P  0.001; Table 3). How- duct branching morphogenesis is therefore a critical
ever, the relative volume of ureteric epithelium in het- event in kidney development and is thought to be a
erozygous mice was similar to that in wild-type mice. crucial factor in determining nephron number.
Absolute and relative ureteric duct volume in the kidney The expression of GDNF and its receptors, in addition
of the heterozygous mouse with a single kidney was to the results of gene ablation studies, indicates that
greater than the mean wild-type values. GDNF plays a significant role in mediating the inductive
event that regulates renal branching morphogenesis. In
DISCUSSION addition, the loss of only one allele is sufficient to cause
a significant renal phenotype. Since nephron initiationBranching morphogenesis during embryonic and/or
only occurs at the tips of ureteric branches, the aim ofpostnatal development ultimately establishes the archi-
the present study was to determine whether the nephrontectural pattern of many epithelial organs, including the
number in GDNF heterozygous mice is reduced.lung, prostate gland, mammary gland, salivary gland, and
kidney. Clinically, the pattern of branching morphogene- Although body weights of GDNF heterozygous mice
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and wild-type mice were similar, heterozygous kidneys Although neurturin and persephin show in vitro roles
were approximately 25% smaller than wild-type kidneys. in metanephric development, their true in vivo roles
Some kidneys also showed an abnormal shape, indicating remain unclear. However, considering that not all homo-
possible defects in the regulation of branching. Estimates zygous GDNF mutants show complete bilateral absence
for nephron number identified a 30% decrease in neph- of ureteric duct development, the other GDNF family
ron endowment in heterozygous GDNF mice. However, members, as well as possible pathways independent of
although there were fewer nephrons, there were no indi- RET [25–28], may provide a degree of redundancy in
cations of any compensatory glomerular hypertrophy at the regulation of ureteric duct branching morphogenesis
PN30. A reduction in glomerular number without com- in vivo.
pensatory glomerular hypertrophy presumably decreases It is now commonly accepted that GDNF secreted by
the surface area of glomerular capillaries per kidney, the mesenchyme is a major signal for the outgrowth of
although we did not measure this parameter in the pres- the ureteric bud from the Wolffian duct and plays a
ent study. Glomerular hypertrophy has been associated significant role in early ureteric branching morphogene-
with development of glomerulosclerosis in both animals sis. The regulation of nephron endowment is believed
and humans, leading to further glomerular loss. to be controlled by two major factors, first branching
Glomerular number varied widely between heterozy-
morphogenesis and second nephron induction. The mo-gous GDNF mice from a minimum of 3542 to a maximum
lecular regulation of branching morphogenesis, as wellof 10833. This variation may reflect altered branching
as nephron induction, is achieved through a complexmorphogenesis, possibly because of regional variations
interaction between key transcription factors, growthin endogenous GDNF levels in heterozygous animals.
factors, their receptors, and the extracellular matrixIt is theoretically possible that the reduced nephron
[29–32]. Furthermore, the spatial and temporal expres-endowment in GDNF heterozygous mice is the result
sion of these key factors ultimately regulates the shapeof retarded nephron induction and/or rate of nephron
and degree of branching, with the induction of nephronsdevelopment. However, this is considered extremely un-
at the tips of these branches generating the architecturallikely because the kidneys of the heterozygous mice con-
pattern of the metanephric kidney.tained no nephrogenic zone, mesenchymal condensates,
In conclusion, the present results indicate that GDNFvesicles, commas, or s-shaped bodies. Moreover, PN30
plays a significant, but partial role in the determinationwas chosen because this is approximately three weeks
of nephron number. Further analysis of the branchingafter the cessation of nephron induction in wild-type mice.
pattern in embryonic heterozygous GDNF mice mayThe reduced absolute volume of the ureteric duct in
heterozygous GDNF mice as well as the fact that the indicate more precise roles that GDNF plays in the regu-
relative volume was not significantly different suggests lation of branching morphogenesis and therefore neph-
that the observed reduction in nephron endowment is ron endowment.
most likely due to reduced ureteric duct branching mor-
phogenesis. However, kidney weight and volume for a ACKNOWLEDGMENTS
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